1. Introduction {#sec1}
===============

Traditionally, B cells have always been known to directly serve as regulators of humoral immunity through antibody production against specific antigens. They also participate in cellular immunity, such as facilitating antigen presentation, providing essential co-stimulations to T cells, producing cytokines and defending against microbial invasion. This paradigm changed with the discovery of regulatory B cells (Breg) in 1974, led by James Turk \[[@bib1]\]. His group found that transfer of splenocytes depleted of B cells failed to inhibit delayed-type hypersensitivity (DTH) reaction on skin. This observation suggested that B cells could exhibit a novel regulatory property contributing to the suppression of immune responses \[[@bib1]\]. It was around 20 years later that the regulatory properties of B cells were further described by Janeway's group for multiple sclerosis (MS), in an experimental autoimmune encephalomyelitis (EAE) model \[[@bib2]\]. In that case, EAE mice that had their B cells genetically removed developed a more severe pathological disease upon immunization with the myelin basic protein (MBP) peptide. Owing to its potent immune suppressive ability, Mizoguchi et al. coined this subset as regulatory B cells (Bregs) \[[@bib3]\]. Subsequently, extensive characterization and functional implication of Bregs has been studied in various animal models of inflammation and autoimmune diseases \[[@bib4]\]. Compelling evidence demonstrated that the adoptive transfer of Bregs in animal models effectively induces immune tolerance, delays the onset and reduces the incidence of autoimmune disease progression. Characterization of human subsets of Bregs has also been made. For example, Breg cells with a phenotype of CD19^+^CD24^hi^CD38^hi^ were identified in healthy individuals to possess suppressive capacity \[[@bib5]\].

Dynamic changes in the Breg population have been well implicated in the development of human and murine autoimmune. It is currently well accepted that Breg numbers and functional activity often are inversely correlated with the severity and progression of autoimmunity. In summary, large amount of preclinical and clinical data point towards a strong relationship between an impaired function and/or reduced number of Breg cells with the development of different types of autoimmune pathologies. These findings have been extensively reviewed by others \[[@bib4], [@bib5], [@bib6]\]. Given these premises, manipulating Bregs represents a promising therapeutic tool to modulate immune responses and avert uncontrolled inflammation.

Since their first discovery, our understanding of the nature and role of Breg as well as the signals that can promote their differentiation has improved considerably. One of the important cues involved in Breg induction are cytokines; a group of small peptides that can facilitate cell signaling and interaction. To date, various cytokines have been described to expand Breg cells both *in vitro* and *in vivo*. Nevertheless, they have simultaneously been implicated in the pathogenesis of autoimmune diseases. This article reviews the current knowledge on Breg-inducing cytokines, highlighting their potential paradoxical role, both as a disease-driving factors and as regulators of immune responses through Breg generation. A special focus will be put on the major autoimmune diseases, namely Systemic Lupus Erythematosus (SLE), Rheumatoid Arthritis (RA), Inflammatory Bowel Diseases (IBD) and Multiple Sclerosis (MS).

2. Breg-inducing cytokines {#sec2}
==========================

Here, we review the cytokines that play an integral role in Breg induction, and their expression profile in different autoimmune disorders ([Table 1](#tbl1){ref-type="table"}). Reviewing the literature, we obtained a list of cytokines involved in both processes: IL-21, IL-6, IL-1β, IFN-α, IL-33, IL-35, BAFF and APRIL. Based on such knowledge, we will explore the concept of cytokines duality and its implication in the context of Breg impairment in autoimmune diseases.Table 1Expression profile of Breg-inducing cytokines in SLE, RA, IBD and MS.Table 1

2.1. Interleukin-21 (IL-21) {#sec2.1}
---------------------------

IL-21 was first described by Yoshizaki et al. as a potent factor in shifting naïve B cells towards immunosuppressive phenotypes \[[@bib7]\]. The first observation was that the IL-10 producing B (B10) cells responsible for EAE disease suppression highly expressed the IL-21 receptor (IL-21R), MHC-II and CD40, which suggested a role for IL-21 in driving B10 expansion \[[@bib7]\]. It was confirmed when murine splenic B cells primed with IL-21 prior to restimulation with LPS, PMA and Ionomycin resulted in over 4-fold increase of IL-10 secretion. Furthermore, the group demonstrated that IL-21-induced IL-10 expression in B cells was similar to the level achieved by LPS-stimulated B cells. IL-21-induced B10 cells were found to be a subset of CD1d^hi^CD5^+^ progenitor cells and played essential roles during the initial phases of autoimmune disease. Subsequent analysis showed that *in vitro* culture of pre-activated purified splenic B cells in the presence of IL-21, CD40 ligand (CD40L) and B lymphocyte stimulator (BLyS)- expressing cells remarkably induced B10 cells. IL-21 was shown to play a pivotal role in the maturation of progenitor B10 towards a fully functional Breg upon CD40 engagement. Several studies further confirmed the potent role of IL-21 in murine Breg differentiation \[[@bib8], [@bib9], [@bib10], [@bib11]\]. Furthermore, a recent study demonstrated that the combination of IL-21 with ligands of CD40 and mucin domain 1 (TIM1) significantly increased IL-10 expression in splenic B cells. Treatment of palatal tissue with this stimulation cocktail enhanced *in vivo* Breg differentiation and function leading to amelioration of ligature-induced gum inflammation in mice \[[@bib11]\].

In human, IL-21 has been shown to induce a phenotypically unique subset of granzyme-B expressing Breg (GraB) \[[@bib9]\]. Stimulated B cells in the presence of IL-21 differentiated into an enzymatically active Breg subset with the ability to inhibit T cell proliferation, via granzyme-B-dependent degradation of TCR. Phenotypic analysis showed that GraB expressed a combination of surface markers such as CD38, CD1d, CD25, IgM and CD147. Additionally, this subset also displayed high expression of immune suppressive molecules such as IL-10 and indoleamine-2,3-dioxygenase (IDO).

2.2. The expression of IL-21 in autoimmune diseases {#sec2.2}
---------------------------------------------------

IL-21 has emerged as one of the important factors in modulating autoimmunity. Elevated IL-21 expression in animal models and patients of SLE, RA, IBD and MS has been identified by different groups \[[@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17], [@bib18]\]. IL-21 intracellular expression was upregulated in CD4^+^ T cells of patients with active SLE, resulting in altered B cell function \[[@bib14]\]. Serum IL-21 was also significantly higher in SLE patients \[[@bib19]\]. In agreement, Terrier et al. reported that SLE patients displayed a greater number of circulating IL-21-producing CD4^+^ T cells and this increase correlated well with disease severity \[[@bib20]\].

Plasma IL-21 level was also significantly higher in RA patients in comparison to healthy controls \[[@bib21],[@bib22]\]. Furthermore, IL-21/IL-21 receptor (IL-21R) expression were markedly upregulated in macrophages and synovial fibroblast in this group of patients \[[@bib23]\]. Li et al. demonstrated that inflamed synovial tissues exhibit a higher expression of IL-21R \[[@bib24]\]. Additional assessment revealed that circulating CD4^+^ and CD8^+^ T cells, B cells, NK cells and synoviocytes mononuclear subset of RA patients highly expressed IL-21R \[[@bib24],[@bib25]\].

In line with SLE and RA data, overexpression of IL-21/IL-21R in different subgroups of IBD patients have been reported. Monteleone et al. observed that IL-21 is significantly elevated in the gut of both patients with Crohn's disease (CD) and Ulcerative Colitis (UC) \[[@bib26]\]. Moreover, enhanced transcriptional and protein expression of IL-21 was detected in activated T and T follicular helper (TFh) cells of duodenal samples of IBD tissue \[[@bib27],[@bib28]\]. IL-21 mRNA has been found significantly elevated both during the IBD active phase and throughout IBD disease relapse \[[@bib29]\], and patients with active UC displayed a profound IL-21 expression in rectal mucosa \[[@bib30]\].

IL-21 upregulation has also been consistently reported in MS patients, with elevated mRNA and protein expression of IL-21/IL-21R in circulating CD4^+^ T cells of progressive MS patients \[[@bib31]\]. Follow-up studies subsequently demonstrated that CD4^+^ T cells infiltrating white matter lesions expressed higher IL-21 mRNA levels in acute, chronic and relapse MS patients \[[@bib15],[@bib32]\]. Collectively, the available data from the discussed studies evidences the excessive production of IL-21/IL-21R in patients with active SLE, RA, IBD and MS.

2.3. Interleukin-6 (IL-6) and interleukin 1 β (IL-1β) {#sec2.3}
-----------------------------------------------------

The unique capacity of IL-6 and IL-1β to expand IL-10 expressing Breg cells was described by Rosser and colleagues \[[@bib33]\]. In response to inflammation, gut microbiota drove the production of IL-6 and IL-1β by macrophages and dendritic cells in gut-associated lymphoid tissues (GALT) and in periphery, which resulted in direct expansion of Breg in mice. Alteration of gut microbiota by treatment with different antibiotics or changes in housing environment prevented Breg induction due to a decrease of IL-6 and IL-1β production. Furthermore, *in vivo* decrease of IL-6 and IL-1β affected other B cell compartments, including a diminution in transitional T2 precursor B cells.

Supporting the initial hypothesis, mice with IL-6R- and IL-1R-deficient B cells, housed in non-sterile condition, developed more severe arthritis due to failure in Breg development \[[@bib33]\]. Additional *in vitro* experiments demonstrated that IL-6 and IL-1β, in concert with CD40 ligation not only effectively induced Bregs, but also enhanced its function to reciprocally generate Treg and suppress pro-inflammatory T cells. Inhibition of disease progression was observed upon treatment with the combination of the two cytokines and anti-CD40L antibody through an increase of IL-10-producing B cells.

### 2.3.1. The expression of IL-6 in autoimmune diseases {#sec2.3.1}

IL-6 has been widely implicated in autoimmune inflammatory diseases. The strong association is based on numerous studies reporting excessive levels of IL-6 in both patients and experimental models. For instance, elevated levels of IL-6 has been detected in different samples of SLE patients, including serum \[[@bib34]\], urine \[[@bib35]\] and cerebrospinal fluid \[[@bib36]\]. Furthermore, patients with active disease and lupus nephritis have higher concentration of serum IL-6 \[[@bib37],[@bib38]\]. *In-situ* analysis also demonstrated high expression of IL-6 in renal glomerular and tubular sections of lupus nephritis patients \[[@bib39]\].

IL-6 has also been suggested to play a pivotal role in the enhancement of joint and systemic inflammation of RA. Several studies reported on increased level of IL-6 in serum and synovial fluid of RA patients \[[@bib40],[@bib41]\]. Further analysis demonstrated the association of IL-6 level with RA disease development and severity, concomitant with reduced serum IL-6 upon successful treatment \[[@bib42]\].

The involvement of IL-6 signaling in IBD was demonstrated by increased levels of IL-6 in both serum and gut tissue of CD patients \[[@bib43]\]. Consistently, IL-6R and IL-6 common receptor subunit, glycoprotein (gp) 130 were also expressed at excessive levels in peripheral lymphocytes \[[@bib44]\]. Additionally, T helper cells and macrophages in the lamina propria were found to abundantly secrete IL-6 in both UC and CD patients \[[@bib45]\].

In MS, on top of higher plasma concentration, IL-6 is also overproduced by infiltrating immune cells, microglia and astrocytes in the brain lesion \[[@bib46]\]. Moreover, B cells of MS patients exhibit greater capacity to secrete IL-6, subsequently leading to a greater ratio of IL-6/IL-10--producing B-cells \[[@bib47]\].

It is therefore currently accepted that IL-6 is excessively produced in the aforementioned autoimmune diseases and this increase is paralleled with its known role in promoting local and systemic inflammation.

### 2.3.2. The expression of IL-1β in autoimmune diseases {#sec2.3.2}

The expression profile of IL-1β in SLE patients is controversial. Some studies observed a significant association between the upregulation of IL-1β in serum and the patients' disease severity \[[@bib48],[@bib49]\]. On the contrary, other groups failed to observe similar results. Notably, IL-1β plays a more significant role in RA, IBD and MS.

IL-1β is one of the key regulators of RA pathogenesis, where it plays a vital role in establishing inflammation in the joint, by triggering the expression of chemokines and adhesion molecules \[[@bib50]\]. Elevated levels of IL-1β was detected in serum of RA patients, and a consistent correlation with disease severity has been reported \[[@bib51],[@bib52]\]. Furthermore, the concentration of IL-1β in the joint and synovial fluid was markedly increased compared to healthy controls and patients with osteoarthritis \[[@bib53]\]*. In vitro* culture of synovial cells derived from RA patients displayed a significant increase in IL-1β production \[[@bib54]\], which led to an enhanced recruitment of effector cells to the local inflammation. This accumulation of IL-1β in the joint induced synoviocytes and chondrocytes to release MMPs and other proteinases that promote cartilage degradation, osteoclast differentiation and expression of pro-inflammatory genes \[[@bib55]\]. These observations eventually prompted the development of an agent to block IL-1β (anakinra) as an effective treatment of RA \[[@bib56]\].

The same is also true in IBD, where a progressive increase of IL-1β with ongoing mucosal inflammation has been reported \[[@bib57]\]. Patients with active CD exhibit a greater secretion of IL-1β by monocytes in the colon lamina propria \[[@bib58]\]. Furthermore, greater levels of IL-1β were observed in many animal models of colitis \[[@bib59]\].

These observations can be extended to early studies of MS patients, in which IL-1β protein and mRNA were detected in the cerebrospinal fluid (CSF) and central nervous system (CN)S lesion \[[@bib60]\]. A more recent study subsequently reported that as compared to the healthy population, PBMC derived from relapsing-remitting MS patients displayed elevated transcript levels of IL-1β along with inflammasome components \[[@bib61]\]. Further analysis found a correlation between the amount of IL-1β and the severity of brain cortical demyelinating lesions in the CSF \[[@bib62]\].

Collectively, although less clear in SLE pathogenesis, these results indicate that IL-1β expression is highly upregulated in RA, IBD and MS, highlighting the association of IL-1β with autoimmune diseases.

2.4. Interferon-α (IFNα) {#sec2.4}
------------------------

The role of IFNα in inducing a suppressive capacity in B cells was first described by Menon and colleagues \[[@bib63]\]. They demonstrated that upon co-culturing with TLR9-stimulated pDCs, B cells purified from healthy individuals differentiated into a suppressive subset, with CD24^+^CD38^hi^ phenotype. Further phenotypic analysis revealed that pDC-induced Breg expressed higher levels of IgD and IgM with negative expression of CD27, suggestive to be an immature B cell population. IFNα-induced Breg were capable of exclusively express and secrete IL-10 but no other key pro-inflammatory cytokines. Additional analysis confirmed the inhibitory effect of CD24^+^CD38^hi^ Breg on the differentiation of naïve T cells towards effector inflammatory T cells \[[@bib63]\]. The group also identified immature B cells as a direct precursor for pDC-expanded Breg cells. A detailed mechanistic investigation established IFN-α as the important cytokine responsible for this observation. CpG-stimulated pDCs secreted high amounts of IFNα and the addition of IFNα/IFNR neutralizing antibody abruptly inhibited the Breg differentiation. Additionally, pDC-induced Breg exhibited an upregulation in CD40L, and its blocking with monoclonal antibody partially suppressed Breg induction, suggesting CD40 engagement as one of the involved mechanisms. Furthermore, addition of exogenous IFNα into the culture of activated B cells led to a significant expansion of Breg with the same phenotypes confirming the *in vitro* regulatory capacity of this cytokine.

### 2.4.1. The expression of IFNα in autoimmune diseases {#sec2.4.1}

Elevated levels of IFNα have been observed in patients and animal models of autoimmune diseases, particularly in SLE, in large datasets from numerous studies \[[@bib64]\]. Specifically, an increased concentration of circulating IFNα and expression of IFN-I-signature genes have been recorded in patients with SLE, accompanied by a higher IFNα activity as compared to healthy control and patient cohorts with other autoimmune diseases such as RA \[[@bib65],[@bib66]\]. Similar observations have also been demonstrated in pediatric patients upon genetic profiling, while around 60--80% of adult patients display high IFNα-gene signature in various cell types \[[@bib67]\]. The increase is most prominent in patients with exacerbate disease activity and IFNα is considered as an essential biomarker for SLE disease development. The excessive level of IFNα was later discovered to be mainly secreted by pDCs \[[@bib68]\].

On the other side, a small number of studies have also reported increased IFNα levels in RA and MS. Increased level of IFNα has been detected both in the circulation and within the synovial fluids \[[@bib69]\], concomitant with elevated of IFN-I-signature expression in the peripheral blood of RA patients. Moreover, synovial membrane of RA patients expressed an abundant level of IFNα-gene signature \[[@bib70]\].

Correspondingly, IFNα protein expression has been detected in chronic brain lesions of MS patients, although with modest levels as compared to IFNγ. IFNα was predominantly expressed by macrophages and to a lesser extent by the endothelial cells of MS patients \[[@bib71]\]. Furthermore, upregulation of the specific IFN-signature gene Myxovirus resistance gene (MxA) was observed in astrocytes, infiltrating immune cells and in the serum of MS patients \[[@bib72]\]. These data suggested an increased local expression of IFNα. IFNα producers, pDCs were also found abundantly present in MS lesions and in cerebrospinal fluid \[[@bib73]\].

Taken together, IFNα and IFN-I-signatures are predominantly increased in SLE with established disease driving roles, and is expressed at modest level in IBD, RA and MS.

2.5. Interleukin-33 (IL-33) {#sec2.5}
---------------------------

The regulatory role of IL-33 was discovered recently, when it was reported to induce IL-33 membrane-bound receptor (ST2)-expressing Treg and the alternatively-activated M2 macrophages with suppressive ability \[[@bib74],[@bib75]\]. Subsequently, the role of IL-33 in B cell biology was studied by Sattler et al. who showed that the intraperitoneal treatment of IL-33 exacerbated gut inflammation in IL-10-KO but not in IL-10-sufficient wild-type mice \[[@bib76]\]. The observed protective role of IL-33 in IL-10-sufficient mice was identified to be mediated by a unique subset of Breg. This subset was coined as Breg^IL−33^ and phenotypically characterized as positive for CD25, CD1d and IgM but negative for CD23 and TIM1. Additionally, adoptive transfer of Breg^IL−33^ successfully inhibited the development of spontaneous colitis in IL-10-KO mice, indicating the potent suppressive effect of this Breg subset. These findings were confirmed by Zhu et al. demonstrating an increase of IL-10-expressing Breg responses in the mesenteric lymph node upon IL-33 treatment in dextran sulfate sodium (DSS)-induced colitis models \[[@bib77]\].

### 2.5.1. The expression of IL-33 in autoimmune diseases {#sec2.5.1}

Early studies characterizing the serum profile of SLE patients reported increased serum IL-33R, the IL-33 soluble decoy receptor sST2 protein \[[@bib78]\]. This was confirmed by a study in active disease in a cohort of Hong Kong SLE patients, describing a marked increase of sST2 in the circulation as compared to healthy individuals and patients with inactive disease \[[@bib79]\]. sST2 level was also found to positively correlate with disease severity and *anti*-dsDNA antibody. On the other side, Chinese SLE patients also displayed a significant elevation of serum IL-33, albeit lower than in RA patients \[[@bib80]\].

In addition, a large body of research reported on the increased expression of IL-33 in RA patients. Earlier studies demonstrated the elevated expression of IL-33 in synovium tissue, synovial fluid and interstitial layer in patients with RA \[[@bib81], [@bib82], [@bib83]\]. A marked increase of serum IL-33 and ST2 has also been observed by different laboratories, particularly in RA patients with severe disease activity \[[@bib84],[@bib85]\]. Furthermore, the expression level of IL-33 in the resting synovial fibroblast of RA patients was dramatically enhanced upon stimulation with pro-inflammatory cytokines \[[@bib82]\].

Likewise, several studies have also supported the notion that IL-33 is upregulated and mediate MS development. This was prompted by the high expression of IL-33/ST2 detected in spinal cord of EAE mice, and later confirmed in central nervous system (CNS) tissues of MS patients, particularly in the brain and spinal cord region \[[@bib86], [@bib87], [@bib88]\]. White matter and plaque tissue sections of MS patients dramatically displayed high IL-33 level as compared to healthy controls \[[@bib88]\]. In line with this data, patients with relapsing-remitting MS had a significant increase of serum IL-33 accompanied by abundant IL-33 mRNA level in the stimulated lymphocytes and macrophages \[[@bib88]\].

In parallel, there is increasing evidence showing an elevated expression of IL-33 in IBD, with abundant IL-33 in the stomach, and able to cause detrimental changes in the GI track and lamina propria \[[@bib89],[@bib90]\]. IL-33 is highly expressed by myofibroblasts \[[@bib91]\], gut epithelia and infiltrating immune cells in the lamina propria during intestinal inflammation \[[@bib92],[@bib93]\]. Further studies also demonstrated the expression of IL-33 in smooth muscle cells, endothelial cells and adipocytes within gut mucosa \[[@bib90],[@bib94]\]. In UC, but not in CD, IL-33 is highly detected in tissue samples, although the correlation to disease severity has not been well established \[[@bib95]\]. However, several studies with conflicting results on IL-33 expression in IBD has also been reported \[[@bib96]\]. For instance, IL-33 was found to be downregulated in the serum of patients with IBD as compared to healthy control and was suggested to promote tissue repair and attenuation of colitis through M2 switching \[[@bib97]\].

Despite some discrepancies, a general consensus is that IL-33 is strongly upregulated in SLE, RA, MS and IBD.

2.6. Interleukin-35 (IL-35) {#sec2.6}
---------------------------

While initially described as an immune regulatory cytokine exclusively secreted by Treg, IL-35 has been recently demonstrated as a new mediator of Breg differentiation and function. In 2014 it was first described the capability of IL-35 to induce IL-10 and IL-23 in B cells, using genetically engineered murine heterodimeric IL-35 (rIL-35) \[[@bib98]\]. rIL-35 effectively expanded both a CD5^+^CD19^+^B220^lo^ Breg population and a unique subset of IL-35-producing Breg (IL-35^+^Breg). IL-35 potently inhibited autoimmune uveitis development and such effect was attributed to the expansion of Breg. Subsequently, the adoptive transfer of IL-35^+^Breg also suppressed an established autoimmune uveitis evidenced by reduced ocular inflammation. The regulatory potential of IL-35 as Breg inducer was further complemented by a number of other studies. In 2017, Dambuza and colleagues revealed that the compelling role of IL-35 in converting Breg and Treg cells was largely attributed by its IL-12p35 subunit, which is shared with IL-12 \[[@bib99]\]. IL12p35 alone could exhibit regulatory functions which include inhibition of lymphocyte proliferation and their differentiation to effector T cells lineages as well as augmenting IL-10 and IL-35 expression in B and T cells.

### 2.6.1. The expression of IL-35 in autoimmune diseases {#sec2.6.1}

The characterization of the immune regulatory profile in SLE patients done by Qiu et al. revealed a significant increased level of IL-35, and treatment with anti-inflammatory prednisone suppressed IL-35 concentrations \[[@bib100]\]. This was in line with reports by Cai et al. which described higher serum IL-35 levels in patients with active SLE disease as compared to patients with inactive disease and healthy controls \[[@bib101]\]. In contrast, significant reduction of IL-35 serum level in active SLE patients in patients with active disease and lupus nephritis, in comparison with patients with inactive disease has also been reported \[[@bib102]\].

In patients with RA, IL-35 and its subunits were found to be significantly increased in the synovial fluid of patients with naïve early disease, as compared to cohorts with established RA and control patients with osteoarthritis \[[@bib103]\]. Li et al. reported that IL-35 serum level was greatly increased in comparison with healthy control \[[@bib104]\]. Furthermore, the increase was associated with RA clinical parameters which include level of rheumatoid factor and anticyclic citrullinate peptide antibodies. However, contradictory findings on lower concentration of IL-35 in sera of patients with RA has also been reported \[[@bib105]\]. At the same time, diminished IL-35 serum levels was reported in patients with UC and CD as compared to healthy controls and linked to a decrease count in IL-35-producing Treg \[[@bib106]\], a notable increase of IL-35 in the mucosal tissues has also been described \[[@bib106]\]. On the other hand, studies of IL-35 expression in MS is less extensive. One report described a lower serum concentration of IL-35 in MS patients, and its upregulation as a mediator of beneficial treatment response \[[@bib107]\].

As a new addition to the IL-12 cytokine family, the apparent involvement of IL-35 in mediating inflammation and autoimmunity has sparked the community enthusiasm, albeit more investigation is needed to further elucidate its precise role. Interestingly, there seems to be an increasing number of conflicting studies documenting both increased and decreased levels of IL-35 depending on the different biological compartments and disease models studied.

2.7. B-cell activating factor (BAFF) {#sec2.7}
------------------------------------

The novel role BAFF in inducing IL-10 expression in B cells was reported by Yang et al. \[[@bib108]\]. Evaluation on murine splenic B cells cultured in the presence of BAFF led to a dose-dependent increased in the frequency of IL-10-producing B cells. In addition, blockade of BAFF receptor by TACI:Fc protein abrogated BAFF-mediated Breg induction. Subsequently, surface marker analysis showed that BAFF-induced Breg exhibit similar phenotype as B10 cells in regard of its high CD5 and CD1d expression. *In vivo* analysis in murine revealed a selective expansion of Breg within the marginal zone region upon exogenous administration of BAFF.

In a different study, BAFF has also been shown to promote IL-10 expression and secretion in B cells of animal model and patients of chronic lymphocytic leukemia (CLL) \[[@bib109]\]. BAFF concentration were significantly associated with IL-10 level in both animal and patients sample of CLL. Based on this observation, the dual nature of BAFF in promoting IL-10 production and B cells survival was suggested.

More recently, Zhang et al. demonstrated the potent regulatory role of BAFF in inducing IL-35-producing-Breg \[[@bib110]\]. Exogenous addition of BAFF with various concentrations to lupus-prone MRL-Fas^lpr/lpr^ mice-derived splenic culture resulted in an increase of IL-35 expression in B cells. BAFF-induced-IL-35^+^ Breg was identified to be of the marginal zone B cell population and greatly expressed BAFF-receptor, transmembrane activator and calcium-modulator and cytophilin ligand interactor (TACI). Furthermore, the subset exhibit CD5^+^CD1d^hi^FcγRIIb^hi^ phenotype. In addition, functional study revealed the potent regulatory role of BAFF-induced IL-35-producing-Breg in inhibiting IFN-γ expression in CD4^+^CD25^−^ T cells. Interestingly, BAFF-induced-IL-35 producing Breg also promoted the expansion of CD4^+^CD25^+^ Tregs and enhanced IL-35 secretion in T cells. BAFF-driven IL-35 expression in B cells was shown to be induced via TACI-BAFF interaction and the classical NF-κB1 pathway. Moreover, intravenous treatment of Fas^lpr/lpr^ mice with *anti*-BAFF led to a reduction of p35^+^EBI3^+^B cells, confirming the *in vivo* Breg-inducing role of BAFF.

### 2.7.1. The expression of BAFF in autoimmune diseases {#sec2.7.1}

The involvement of BAFF as a key pathogenic factor and its overexpression in SLE have been supported by extensive evidences. In the investigation of both serum and plasma of SLE patients, it was demonstrated that the level of BAFF were higher than those healthy controls \[[@bib111],[@bib112]\]. Elevated concentration of BAFF was also strongly correlated with different classes of anti-double-stranded DNA antibody, including of the IgA, IgG and IgM \[[@bib111]\]. Another study measuring BAFF in patients with numerous systemic immune-based rheumatic diseases found a significant increase of serum BAFF, of which this observation was also associated with autoantibody titer \[[@bib113]\]. Additionally, serum BAFF levels has been shown to significantly correlate with disease activity and SLEDAI score \[[@bib114],[@bib115]\]. Moreover, aside from elevated BAFF expression in the peripheral leukocytes, PBMC from SLE patients often exhibit high expression of BAFF-receptor \[[@bib116]\]. Additionally, patients with active lupus displayed greater BAFF mRNA expression as compared to patients with more stable disease \[[@bib116]\].

The same is true for RA patients, of which BAFF and BAFF-R expression were shown to be highly expressed in synovial tissues and serum. In inflamed synovium, BAFF was shown to be highly produced by tissue macrophages, B cells and fibroblasts \[[@bib117]\]. BAFF level has also been associated with the production of rheumatoid factors and *anti*-dsDNA autoantibodies \[[@bib118],[@bib119]\]. Furthermore, RA patients with higher circulating BAFF had more advanced disease activity \[[@bib120]\]. Additionally, BAFF-R expression was greatly expressed in RA fibroblast-like synoviocytes. Dendritic cells in the collagen induced arthritis (CIA) animal model displayed a marked increase of BAFF protein production which resulted in enhanced B cell proliferation \[[@bib117]\].

Studies related to the role and expression level of BAFF in IBD and MS are less extensive. Investigation in IBD mouse models reported on the overexpression of BAFF albeit with less clear role \[[@bib121]\]. More recent papers showed that serum, tissue specimens and fecal levels of BAFF were elevated along with positive correlation with disease activity \[[@bib122]\]. Fu et al. demonstrated the strong association of fecal BAFF with endoscopic inflammatory IBD score \[[@bib123]\]. Furthermore, inflamed mucosal regions of UC patients displayed a marked upregulation of BAFF expression in the lamina propria \[[@bib122]\].

BAFF expression was shown to be markedly upregulated in brain lesions of MS patients \[[@bib124], [@bib125]\]. Moreover, high level of BAFF-R was detected in CNS tissue and stimulated astrocytes of these patients could highly secrete active BAFF \[[@bib126]\]. Additionally, gene expression of BAFF in monocytes, and its receptor in B and T cells were shown to be higher in MS patients than in normal controls \[[@bib127]\].

Taken together, these clinical evidences highlight the notion that BAFF is substantially upregulated and involved in the pathogenesis of autoimmune diseases, especially in SLE and RA. The presence of high BAFF level in serum of SLE and RA patients is now very well-accepted. How it modulates the immune response in such pathological condition remains elusive. But it may serve as a secondary response to counteract the overwhelming pro-inflammatory activation in these clinical scenarios.

2.8. A proliferation-inducing ligand (APRIL) {#sec2.8}
--------------------------------------------

The novel function of APRIL in augmenting IL-10 mRNA and protein expression in B cells was explored by Hua et al. \[[@bib128]\]. CpG-stimulated PBMC from healthy donors cultured in the presence of APRIL was assessed for the presence of IL-10-expressing cells. Subsequently, a dose dependent increase of IL-10 expression was observed in B cells but not in other cell subsets such as monocytes and T cells. Further analysis revealed that APRIL-induced-B10 cells mediate their suppressive effect through STAT3 signaling and displayed high expression of TACI. Furthermore, stimulation of B cells with APRIL successfully inhibit the upregulation of proinflammatory cytokine such as IFNγ and TNFα.

In line with these findings, APRIL upregulates Breg cells which featured shared human Breg markers, CD24^hi^CD38^hi^, and contributes to the immunosuppressive environment in the bone marrow \[[@bib129]\].

Earlier study had also demonstrated the capability of APRIL in expanding peritoneal B-1 B cell with regulatory property in mice. Transgenic mice overexpressing APRIL develop hyperplasia with accumulation of IL-10-producing B1 cells \[[@bib130]\].

Adding to the regulatory properties of APRIL, a more recent study found that APRIL enhanced the induction of naïve human B cells to IgA-positive IL-10-expressing B cells \[[@bib131]\]. Different subsets of B cells, including naïve, IgM-, IgG- and IgA-expressing were stimulated by APRIL, IL-21 and CD40L-expressing fibroblasts. Subsequently, IgA^+^ B cells was identified to preferentially express IL-10. Assessment of other Breg markers, co-stimulatory and inhibitory molecules demonstrated that APRIL-induced IgA^+^ Breg exhibited higher expression of FasL, PD-L1 and T cell immunoreceptor with Ig and ITIM domains (TIGIT), suggesting distinct phenotypes from other reported Breg markers. Furthermore, addition of blocking antibodies to TACI diminished the initial observation suggesting the role of TACI signaling in the induction of APRIL-driven IgA^+^ Breg cells. Functional experiments confirmed the regulatory properties of APRIL-driven IgA^+^ Breg cells in inhibiting T cells proliferation, TNF production in macrophages as well as expanding FOXP3^+^ Treg. Interestingly, APRIL transgenic mice were protected from CIA induction of which APRIL-driven IgA^+^ Breg cells was shown to be one of the mechanisms for the observed disease inhibition.

### 2.8.1. The expression of APRIL in autoimmune diseases {#sec2.8.1}

Similar to BAFF, there have been extensive clinical evidences on the involvement of APRIL in autoimmune diseases. Multiple investigations on serum samples of SLE patients found a significant elevation of APRIL \[[@bib132],[@bib133]\]. Additionally, this increase has also been correlated to SLE worst prognostic parameters such as glomerulonephritis, the British Isles Lupus Assessment Group (BILAG) index and hemolytic anemia \[[@bib116],[@bib134]\]. Additionally, a correlation between serum APRIL and renal expression and severity of renal diseases in SLE has been observed. However, correlations between APRIL levels and autoantibodies production in SLE remains controversial with some studies noted either inverse or weak correlations between these two parameters \[[@bib132],[@bib133]\].

Further to its involvement in SLE, high expression of APRIL has also been detected in serum of RA patients. Moura et al. showed an abundant expression of serum APRIL in patients with very early RA (VERA) \[[@bib135]\]. Furthermore, increasing data has reported the accumulation of APRIL in inflamed synovial compartment and tissues samples of patients \[[@bib136]\]. Inflamed synovial tissues displayed a significant elevation of APRIL mRNA expression \[[@bib136]\]. Accumulation of APRIL-secreting cells has also been observed in synovial tissues of RA patients. Moreover, in comparison to healthy individuals of which APRIL expression are only detected in nonclassical monocytes, myeloid cells and all monocytes in RA patients exhibited upregulation of surface APRIL expression with an association to disease severity \[[@bib137]\]. Stimulation of synoviocytes from the patients also resulted to higher production of pro-inflammatory cytokines and upregulation of receptor activator of nuclear factor kappa-B ligand (RANKL) expression. Increased expression of APRIL receptor in synoviocytes of RA patients has also been noted \[[@bib138]\] with an association between serum APRIL and synovitis \[[@bib117]\].

In agreement with the observation made in SLE and RA patients, MS patients displayed raised APRIL protein expression in reactive astrocytes of the CNS \[[@bib139]\]. This was confirmed by another study showing how infiltrating macrophages contributed to the increase level of APRIL in CNS of patients with MS \[[@bib125]\].

However, APRIL expression profile in IBD patients hasn't been well-examined and most likely it plays a less important role as B cells are not the primary mediator of IBD.

Summarizing, APRIL is excessively expressed in many autoimmune diseases, and its exact role remains to be defined for it may also be a secondary response to aberrant immune activation.

3. Breg-inducing cytokines: double-edged sword and outstanding questions {#sec3}
========================================================================

Here we compiled the available data on Breg-inducing cytokines and their expression profile in common autoimmune diseases; highlighting their general overexpression. If we take a closer look, cytokines identified to induce the expression of IL-10 or other regulatory molecules in B cells are mostly categorized as pro-inflammatory, perhaps with the exception of IL-35. IL-35 possesses a potent immune suppressive role and is predominantly produced by Treg \[[@bib140]\]. However, it should be noted that IL-35 is not constitutively expressed in tissues, but its expression is upregulated in response to underlying inflammation \[[@bib141]\].

As summarized in [Table 2](#tbl2){ref-type="table"}, the ability of the listed cytokines to induce Breg were reported either in animal models, clinical cohorts or both. For instance, it is yet unclear whether IL-33, IL-6 and IL-1 could have the same effect on human cells in regards of their ability to induce Breg expansion, as they have only been studied in the murine model. For this reason, it is critical to validate whether the observed functions are species-restricted, or they can be extended to humans.Table 2Breg-inducing cytokines.Table 2CytokinesBreg phenotypeStimulus*In vitro/vivo*SpeciesReference**IL-21**CD1d^hi^CD5^+^ B10 cellscells expressing CD40L and BLyS*In vitro*mouse\[[@bib7]\]IL10^+^anti-Tim1+CD40L*In vitro*mouse\[[@bib11]\]CD5^+^CD86^+^CD43^+^CD147^+^IL-21^+^CD40L−Th cells*In vitro*human\[[@bib147]\]GrB^+^CD38^+^CD1d^+^IgM ​+ ​CD147^+^ IDO^+^CD25^+^*Anti*-BCR*In vitro*human\[[@bib9]\]**IL-6**IL-10^+^ T2-MZPs, IL-10^+^CD5^+^ cells, IL-10^+^Tim-1^+^CD40L*In vitro*mouse\[[@bib33]\]IL10^+^CD40L*In vivo*mouse\[[@bib33]\]**IL-1β**IL-10^+^ T2-MZPs, IL-10^+^CD5^+^ cells, IL-10^+^Tim-1^+^CD40L*In vitro*mouse\[[@bib33]\]IL-10^+^CD40L*In vivo*mouse\[[@bib33]\]**IFNα**IL-10^+^CD24^+^CD38^hi ^CpGC-stimulated pDCs*In vitro*human\[[@bib63]\]IL-10^+^CD24^+^CD38^hi ^TLR9-activated*In vitro*human\[[@bib63]\]IL-10^+^CD24^+^CD38^hi ^R848 (TLR7/8 agonist)*In vitro*human\[[@bib63]\]**IL-33**CD25^+^CD1d^hi^IgM^hi^CD5^−^CD23^−^Tim-1^-^*In vivo*mouse\[[@bib76]\]**IL-35**p35^+^Ebi3^+^ (IL-35^+^)\
CD19^+^IL10^+^LPS\
PMA*In vitro*\
*In vitro*Mouse human\[[@bib98]\]\
\[[@bib98]\]CD5^+^B220^lo^*In vivo*mouse\[[@bib98]\]**BAFF**CD1d^hi^CD5^+^ B10*In vitro*\
*In vivo*mouse\[[@bib148]\]CD5^+^CD1dhiFcγRIIbhiIL-35+*In vitro*\
*In vivo*mouse\[[@bib110]\]**APRIL**IL-10^+^CpG*In vitro*human\[[@bib149]\]IgA^+^FasL^+^PDL1^+^TIGIT^+^IL10^+^CD40L-expressing fibroblast, IL21*In vitro,*\
*In vivo*mouse,\
human\[[@bib131]\][^2]

The paradoxical effect attributed to inflammatory cytokines, that is, expanding Bregs while also sustaining inflammatory disease progression ([Fig. 1](#fig1){ref-type="fig"}), may not be surprising, since it has been previously proposed that the differentiation and activation of Bregs occurs under the same set of signals that initiate inflammatory responses \[[@bib6]\].Fig. 1**The paradoxical roles of Breg-inducing cytokines**. IL-21, IL-6, IL-1β, IFNα, IL-33, IL-35, BAFF and APRIL promote regulatory responses through Breg induction. On the other hand, these cytokines are generally overexpressed and associated in most autoimmune diseases. Multiple factors may influence the behavior of these cytokines in the context of autoimmunity of which Breg cells are often impaired in function or number. The proposed factors include dose of cytokines, alteration of regulatory feedback, microenvironment, costimulation and B cells intrinsic factors.Fig. 1

The notion that cytokines can constitute a double-edged sword in mediating and tuning the immune responses is fascinating, yet a crucial aspect to consider when defining the outcome of inflammation, whether it derives into resolution or autoimmunity. One of the critical questions posed by the above-mentioned observations relates to the mechanism of aberrant Breg number and functions in autoimmune conditions. In other words, if the general consensus pointed towards upregulation of Breg-inducing cytokines in most of autoimmune diseases, what factors could account for the failure of Breg proper expansion and function? Here we address some of the potential means:

*Dose of cytokine*-several lines of evidence support the idea that a precise cytokine concentration seems to be essential for Breg induction. Menon et al. \[[@bib63]\] demonstrated that high-dose IFNα failed to promote Breg development in human, and instead enhanced plasma cells differentiation. In a similar manner for its thymic counterpart, low-dose IL-2 selectively promotes the expansion and activation of Treg cells, but not high-dose \[[@bib142]\]. Therefore, while cytokines play a crucial role in driving regulatory responses, excessive production during inflammation may paradoxically cause harmful and pathogenic effects.

*Defective regulatory feedback*- Other cells with immunomodulatory properties have been shown to modulate Breg expansion. Park et al. \[[@bib143]\] reported that myeloid-derived suppressor cells (MDSCs) promote Breg, while suppressing the formation of germinal center and plasma B cells in mice. In the context of autoimmunity, such cell interaction could possibly be altered. For example, the failure of crosstalk between pDC and B cells in SLE patients could be leading to dysfunctional Breg expansion and thus disease progression \[[@bib63]\].

*Environmental-* The alteration of the microenvironment may interfere with the *in vivo* generation of Bregs. To date, the majority of studies and concepts developed related to Breg are based on *in vitro* studies. Furthermore, the *in vitro* expansion and suppression assays were mostly performed under specific culture conditions, often with the addition of selective reagents, growth and stimulatory factors. In the context of autoimmune diseases, the unique proinflammatory environment such as cytokine storms, cell death, free radicals/metabolites and the presence of other cell types including effector and stromal cells may impair the progression of Breg and their functional behavior.

*Cytokine networks*- It cannot be overruled that the presence of multiple cytokines in physiological conditions may affect cytokine-induced Breg expansion. One of the limitations of the presented studies is using isolated cytokines that may not represent the true environmental milieu, especially in the context of autoimmune and inflammatory conditions. As cytokines are pleiotropic, redundant and share common receptors, this may lead to a wide range of responses. The complex cytokine networks may contribute to synergism, regulatory and inhibitory effects between different cytokines. For instance, the interplay between IL-21 and BAFF leading to a synergistic effect in driving memory B cells into IgG-secreting plasma cell has been documented \[[@bib25]\], and IL-6 and IL-33 have been demonstrated to synergistically amplify IgE-mediated mast cell priming \[[@bib144]\], to cite few examples. However, the role of these cytokines interactions and synergies on Breg function and regulation remains unknown.

*Altered confounding co-stimulation or co-inhibition*-- Aside from cytokines, other stimuli have also been shown to significantly influence Breg function and expansion. These factors include signal transduction through B cell receptor, Toll like receptors and costimulatory molecules. Recent works have presented many evidences relating dysregulated B cell signaling with the promotion of autoimmunity \[[@bib145]\]. Dysregulated B cell signaling not only can lead to defective BCR repertoire and autoantibody-producing B cells but may skew the naïve B cells to become resistant to Breg induction.

*Intensity of co-stimulation*- The level of activation and duration of co-stimulation may have a substantial impact during Breg generation. For example, CD40 signaling has been nicely demonstrated to play a pivotal role during Breg activation, while it is also known that aberrant CD40^−^CD40L axis is widely implicated in a variety of autoimmune diseases \[[@bib146]\]. Therefore, whether the strength of co-stimulatory signals may alter Breg generation remains an open question.

*B-cells intrinsic defect*-- It is widely appreciated that most autoimmune conditions are associated with abnormal genetic variants resulting in altered B cell function and BCR repertoires. This raised the possibility that B cell intrinsic defects might impede Breg function.

As it is known that Breg impairment contributes to the development of autoimmunity, it is noteworthy to mention that decreased Breg numbers and/or function might also be a consequence of the established ongoing inflammatory responses.

As our knowledge of the biology and immunomodulatory role of Breg increases, modulating Bregs might be a useful tool to restore immunological tolerance, especially in the context of autoimmune inflammation. One of the promising therapeutic approach is to efficiently and reproducibly expand the Breg population as well as to maintain its functional integrity. This could be done by using a combination of different cytokines and co-stimulations as detailed above. In order to fully achieve this goal, it is meaningful to define the optimum signal which acts as Breg drivers, including the paradoxical role of Breg-inducing cytokines.

4. Concluding remarks {#sec4}
=====================

As highlighted in this review, many cytokines involved in the pathogenesis of autoimmune diseases are at the same time capable of inducing Breg in mice and humans. This suggests the complex and paradoxical responses exhibited by immune molecules to propagate both effector and regulatory responses. Yet, despite the rise of the mentioned cytokines in autoimmunity, functional impairment of Bregs has been identified as an autoimmune disease-driving factor. Therefore, the current challenge lies on understanding the balance of action of these cytokines and to efficiently modulate their effect. This will not only push forward our knowledge on the fundamental mechanism of Breg dysregulation in autoimmunity but would also enhance the design of more effective diagnostics and therapies.
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